The origin of eukaryotes was marked by the emergence of several novel subcellular systems. One 13 such is the calcium (Ca 2+ )-stores system of the endoplasmic reticulum, which profoundly influences 14 diverse aspects of cellular function including signal transduction, motility, division, and 15 biomineralization. We use comparative genomics and sensitive sequence and structure analyses to 16 investigate the evolution of this system. Our findings reconstruct the core form of the Ca 2+ -stores 17 system in the last eukaryotic common ancestor as having at least 15 proteins that constituted a basic 18 system for facilitating both Ca 2+ flux across endomembranes and Ca 2+ -dependent signaling. We 19 present evidence that the key EF-hand Ca 2+ -binding components had their origins in a likely bacterial 20 symbiont other than the mitochondrial progenitor, whereas the protein phosphatase subunit of the 21 ancestral calcineurin complex was likely inherited from the asgardarchaeal progenitor of the stem 22 eukaryote. This further points to the potential origin of the eukaryotes in a Ca 2+ -rich biomineralized 23 environment such as stromatolites. We further show that throughout eukaryotic evolution there were 24 several acquisitions from bacteria of key components of the Ca 2+ -stores system, even though no 25 prokaryotic lineage possesses a comparable system. Further, using quantitative measures derived 26 from comparative genomics we show that there were several rounds of lineage-specific gene 27 expansions, innovations of novel gene families, and gene losses correlated with biological innovation 28 such as the biomineralized molluscan shells, coccolithophores, and animal motility. The burst of 29 innovation of new genes in animals included the wolframin protein associated with Wolfram 30 syndrome in humans. We show for the first time that it contains previously unidentified Sel1, EF-31 hand, and OB-fold domains, which might have key roles in its biochemistry. 32
1
Introduction 34
The emergence of a conserved endomembrane system marks the seminal transition in cell structure 35 that differentiates eukaryotes from their prokaryotic progenitors (Jekely, 2007) . This event saw the 36 emergence of a diversity of eukaryotic systems and organelles such as the nucleus, the endoplasmic 37 reticulum (ER), vesicular trafficking, and several, novel signaling systems that are uniquely 38 associated with this sub-cellular environment. A major eukaryotic innovation in this regard is the 39 intracellular ER-dependent calcium (Ca 2+ )-stores system that regulates the cytosolic concentration of 40 Ca 2+ (Ashby and Tepikin, 2001). Although Ca 2+ ions are maintained at a 4000 to 10,000-fold higher 41 concentration in the endoplasmic reticulum (ER) lumen as compared to the cytoplasm (Woo et al., 42 2018), upon appropriate stimulus they are released into the cytoplasm by Ca 2+ -release channels such 43 as the inositol trisphosphate receptors (IP3Rs) and the ryanodine receptors (RyRs). The process is 44 then reversed and Ca 2+ is pumped back into the ER by the ATP-dependent SERCA 45
(sarcoplasmic/endoplasmic reticulum calcium ATPase) pumps, members of the P-type ATPase 46
superfamily (Ashby and Tepikin, 2001; Altshuler et al., 2012) . In addition to the above core 47 components that mediate the flux of Ca 2+ from and into the ER-dependent stores, several other 48 proteins have been linked to the regulation of this process and transmission of Ca 2+ -dependent 49 signals, including: 1) chaperones such as calreticulin, calnexin, and calsequestrin in the ER lumen 50 (Kozlov et al., 2010) ; 2) diverse EF-hand proteins such as calmodulin (and its relatives), calcineurin 51 B, and sorcin that bind Ca 2+ protein kinases (calcium/calmodulin-dependent kinases (CaMKs)) and protein phosphatases 55
(calcineurin A) that mediate the Ca 2+ -dependent signaling response (Berridge, 2012) . Together, the 56 Ca 2+ -stores system and intracellular Ca 2+ -dependent signaling apparatus regulate a variety of cellular 57 functions required for eukaryotic life, such as transcription, cellular motility, cell growth, stress 58 response, and cell division (Clapham, 2007; Berridge, 2012; Krebs et al.) . 59
Comparative evolutionary analyses of the proteins in the ER Ca 2+ -stores and -signaling system have 60 revealed that some components were either present in the last eukaryotic common ancestor (LECA) 61 (e.g. Calmodulin and SERCA) or derived early in the evolution of the eukaryotes (e.g. IP3R) ( closely related to the metazoans (e.g. RyR, which diverged from the ancestor of IP3R at the base of 67 filozoans) (Alzayady et al., 2015) . A substantial number of the components that have been studied in 68 this system are primarily found in the metazoans, with no identifiable homologs outside of metazoa 69 (Cai et al., 2015) . Most studies have focused on animal proteins of these systems, highlighting the 70 general lack of knowledge regarding the regulation of ER Ca 2+ -stores and the potential diversity in 71
the regulatory systems present in other eukaryotes. To our knowledge, a systematic assessment of the 72 evolutionary origins of the entire Ca 2+ -stores system and its regulatory components, as currently 73 understood, has yet to be attempted. 74
Given our long-term interest in the origin and evolution of the eukaryotic subcellular systems, we 75 conducted a comprehensive analysis of the core and regulatory components of the Ca 2+ -stores 76 system, analyzing their known and predicted interactions and inferring the evolutionary depth of 77 various components. We show that an ancient core of at least 15 protein families was already in place 78 at the stem of the eukaryotic lineage. Of these, a subset of proteins is of recognizable bacterial 79 Evolution of ER Ca 2+ storage 3 ancestry, although there is no evidence of a bacterial Ca 2+ -stores system resembling those in 80 eukaryotes. We also show that gene loss and lineage-specific expansions of these components shaped 81 the system in different eukaryotic lineages, and sometimes corresponds to recognized adaptive 82 features unique to particular organisms or lineages. Further, we conducted a systematic domain 83 analysis of the proteins in the system, uncovering three novel unreported domains in the enigmatic 84 wolframin protein. These provide further testable hypotheses on the functions of wolframin in the 85 context of the Ca 2+ -stores system and in protecting cells against the response stresses that impinge on 86 the ER. 87 2 Methods 88
Sequence analysis 89
Iterative sequence profile searches were performed using the PSI-BLAST program (RRID: 90 SCR_001010) (Altschul et al., 1997) against a curated database of 236 eukaryotic proteomes 91 retrieved from the National Center for Biotechnology Information (NCBI), with search parameters 92 varying based on the query sequence (see Supplementary Figure S1 ) and composition. For building a 93 curated dataset of eukaryotic proteomes, completely sequenced eukaryotic genomes were culled from 94
Refseq and Genbank, and representative genomes (with a preference for reference genomes) were 95 chosen from different phyletic groups using the eukaryotic phylogenetic tree as guide. If more than 96 one genome was available for a species, we typically chose the one listed as a reference genome, or 97 one that had the best assembly, or one with the most complete proteome set. The list of genomes is 98
given in the supplementary data of the supplementary material. The program HHpred 99 (RRID:SCR_010276) (Soding, 2005 ; Alva et al., 2016) was used for profile-profile comparisons. The 100
BLASTCLUST program 1 (RRID: SCR_016641) was used to cluster protein sequences based on 101
BLAST similarity scores. Support for inclusion of a protein in an orthologous cluster involved 102 reciprocal BLAST searches, conservation of domain architectures, and, when required, construction 103 of phylogenetic trees with FastTree 2.1.3 (RRID: SCR_015501) ( algorithm was used (Fruchterman and Reingold, 1991) . 121
Comparative genome analyses 122
Quantitative analysis of phyletic patterns and paralog counts for different proteins/families were first 123 obtained using a combination of sequence similarity searches as outlined above. We filtered the 124 counts to exclude multiple identical sequences annotated with the same gene name, using the latest 125 genome assemblies for each of these organisms as available in NCBI GenBank (RRID: 126 SCR_002760) as anchors. Proteomes with identifiable quality issues were removed from downstream 127
analyses (e.g. genomes containing sequences with ambiguous strain assignment), leaving counts for 128 216 organisms. These counts and their phyletic patterns defined two sets of vectors, namely the 129 distribution by organism for a given protein and the complement of proteins for a given organism. 130
These vectors for the protein families and organisms were used to compute the inter-protein or inter-131 organism Canberra distances (Lance and Williams, 1966), which is best suited for such integer data 132 of the form of presences and absences. The Canberra distance between two vectors
‫‬ റ
and ‫ݍ‬ റ is defined 133 as:
These distances were used to cluster the protein families and organisms through agglomerative 135 hierarchical clustering using Ward's method (Kaufman and Rousseeuw, 1990). The results were 136 rendered as dendrograms. Ward's method takes the distance between two clusters, A and B to be the 137 amount by which the sum of squares from the center of the cluster will increase when they are 138 merged. Ward's method then tries to keep this growth as small as possible. It tends to merge smaller 139 clusters that are at the same distance from each other as larger ones, a behavior useful in lumping 140 "stragglers" in terms of both organisms and proteins with correlated phyletic patterns. 141 142
The protein complement vectors for organisms were also used to perform principal component 143 analysis to detect spatial clustering upon reducing dimensionality. The variables were scaled to have 144 unit variance for this analysis. Similarly, a linear discriminant analysis was performed on these 145 vectors using representatives of the major eukaryotic evolutionary lineages (see Supplementary Table  146 S1 for list) as the prior groups for classification. This was then used on our complete phyletic pattern 147 data for classification of the organisms based on their protein complements. 148 149
Organism Metazoan Ca 2+ stores have been extensively studied, leading to the identification of several proteins 158 directly or indirectly involved in calcium transport or signaling and regulation of these processes. In 159 order to apprehend the global structure of this system, we used published literature and the FunCoup 160 database to derive a network of protein-protein interactions (PPIs) containing human genes that have 161 roles in Ca 2+ stores, centering the network on the three families of ER Ca 2+ channels (SERCA, IP3R, 162
RyR) (see Methods). The resulting network totaled 173 protein nodes and 761 interaction edges 163
( Figure 1A , Supplementary Data). The distribution of the number of connections per node (degree 164 distribution) in this network displays an inverse (rectangular hyperbolic) relationship (R 2 = 0.88; 165 Figure 1C ). This is a notable departure from typical PPI networks which tend to show power-law 166 degree distributions (Bader and Hogue, 2002; Rodrigues et al., 2011) . To better understand this 167 pattern, we studied its most densely connected subnetworks by searching for cliques, where every 168
node is connected to every other node in the subnetwork. The largest cliques in this network have ten 169 nodes. As the degree distribution graph shows an inflection around degree 6, we merged all cliques 170 of size 6 or greater resulting in a subnetwork of 46 nodes comprising close to 50% of the edges of the 171 overall network ( Figure 1B ). This suggests that the inverse relationship of the degree distribution is a 172 consequence of the presence of a core of several highly connected nodes (6 or more edges), which is 173 in contrast to other system-specific PPI networks showing a power-law degree distribution, as in the 174 case of the ubiquitin network (Venancio et al., 2009 ). 175 176
Analysis of the proteins in this highly connected sub-network suggests that the 46 proteins can be 177 broadly classified into 5 groups: 1) the channels and ATP-dependent pumps which constitute the core 178 Ca 2+ transport system for ER stores; 2) EF-hand domain proteins such as calmodulin and sorcin that 179
bind Ca 2+ and consequently interact with and regulate the biochemistry of numerous other proteins; 180
3) proteins involved in folding and stability of other proteins, such as chaperones, redox proteins, and 181 protein disulfide isomerases; 4) components of the protein phosphorylation response that is 182 downstream of Ca 2+ flux into the cytoplasm; and 5) proteins linking the network to other major 183 functional systems, such as Bcl2, which is involved in the apoptosis response in animals, and beclin-184 1, which is involved in autophagy. 185
Phyletic distribution of key proteins and implications for the evolution of the ER Ca 2+ -186 stores and -signaling pathway 187
This densely connected sub-network invites questions about its evolutionary origin, particularly 188
given that the wet-lab results that inform the connections are predominantly drawn from mammalian 189 studies (see Methods). To understand better the emergence of this sub-network and the conservation 190 of its nodes across eukaryotes, we systematically analyzed their phyletic patterns ( Figure 2A , 191 Supplementary Figure S1 and Data). A list of the 34 proteins and protein families studied, as well as 192 their domain architectures, is in Supplementary Table S2 . Further, Ward clustering analysis of the 193 core components based on their phyletic patterns (see Methods) revealed the presence of 5 distinct 194 clusters ( Figure 2C ). These clusters appear to have an evolutionary basis with distinct clusters 195 accommodating proteins that could be inferred as having been in the LECA (e.g. cluster 1) and those 196 that emerged in a metazoan-specific expansion of the ER Ca 2+ -stores system (e.g. clusters 4 and 5). At least 15 proteins of the ER Ca 2+ -stores and signaling system are found across all or most 199 eukaryotic lineages, suggesting that they were present in the LECA. These proteins include key 200 components of the dense sub-network, such as 1) the SERCA Ca 2+ pumps; 2) the Ca 2+ -binding EF-201 Evolution of ER Ca 2+ storage 6 hand proteins like calmodulin; 3) chaperones involved in protein folding that are mostly found in the 202 ER and that sometimes act as either Ca 2+ binding proteins (e.g. calreticulin, calnexin) or as regulators 203 of other components of the Ca 2+ -stores and -signaling system (e.g. ERp57/PDIA3, calstabin, TMX1, 204 ERdj5/DNAJC10); and 4) core enzymes of the Ca 2+ -dependent phosphorylation-based signaling 205 system including the CaMKs and the calcineurin A phosphatase. This set of components is likely to 206 have comprised the minimal ER-Ca 2+ -stores and -signaling system in the LECA and suggests that 207 there were already sub-systems in place to mediate: 1) the dynamic transport of Ca 2+ ions across the 208 emerging eukaryotic intracellular membrane system and 2) the transmission of signals affecting a 209 wide-range of subcellular processes based on the sensing of Ca 2+ ions. 3) A potential stress response 210 system that channels Ca-dependent signals to regulation of protein folding (Krebs et al.). 211 212
Notably, the IP3R channels are absent in lineages that are often considered the basal-most 213 eukaryotes, namely the parabasalids and diplomonads; however, they are present in some other early-214
branching eukaryotes such as kinetoplastids (Cavalier-Smith et al.). Their absence in certain extant 215 eukaryotes ( Figure 2A ) suggests that they can be dispensable, or that their role can be taken up by 216 other channels in eukaryotes that lack them. A comparable phyletic pattern is also seen for certain 217
other key components of the densely connected sub-network, namely the ERdj5 and calnexin 218 chaperones. 219 220
Components with clearly identifiable prokaryotic origins 221
Deeper sequence-based homology searches revealed that at least three protein families of the ER 222 Ca 2+ -stores system have a clearly-identifiable bacterial provenance, namely the P-type ATPase pump 223 SERCA, sarcalumenin, and calmodulin and related EF-hand proteins. Phylogenetic analyses suggest 224 that the P-type ATPases SERCA and plasma membrane calcium-transporting ATPase (PMCA) were 225 both present in the LECA. They are most closely-related to bacterial P-type ATPases (Plattner and 226 Verkhratsky, 2015) , which commonly associate with transporters (e.g. Na + -Ca 2+ antiporters), ion 227 exchangers (Na + -H + exchangers), permeases, and other distinct P-type ATPases in conserved gene-228 neighborhoods (Supplementary Figure S2 ) suggesting a role in maintenance of ionic homeostasis 229 even in bacteria. 230 231
The GTPases EHD and sarcalumenin, whose GTPase domains belong to the dynamin family (Leipe  232  et This gave rise to the EH-domain-containing EHD clade of GTPases, which are involved in regulating 239 vesicular trafficking and membrane/Golgi reorganization. A further secondary transfer, likely from 240 the kinetoplastid lineage to the metazoans, gave rise to sarcalumenin proper, which has characterized 241 roles in the Ca 2+ -stores system ( Figure 3A ). This raises the possibility that in other eukaryotes, EHD 242 performs additional roles in the Ca 2+ -stores system overlapping with metazoan sarcalumenin. 243 244
Our analysis revealed that the bacterial calmodulin-like EF-hands show a great diversity of domain-245 architectural associations. Versions closest to the eukaryotic ones are found in actinobacteria, 246 cyanobacteria, proteobacteria, and verrucomicrobiae. These prokaryotic calmodulin-like EF-hand 247 domains are found fused to a variety of other domains ( Figure 3E , Supplementary Data), such as a 7-248 transmembrane domain (7TM) (cyanobacteria and to a lesser extent in actinobacteria), the 249 Evolution of ER Ca 2+ storage 7 prokaryotic Tic110-like α -helical domain (cyanobacteria), heme-oxygenases (actinobacteria), the 250 nitric oxide synthase and NADPH oxidase with ferredoxin and nucleotide-binding domains 251
(cyanobacteria and δ -proteobacteria), as well as cNMP-binding, thioredoxin, cytochrome, and 252 sulfatase domains (verrucomicrobiae). Comparable architectural associations with several of these  253  domains, such as the fusions to the sulfatases and the redox-regulator domains thioredoxin,  254 cytochromes, glyoxylases, and NADPH oxidases, are also observed in eukaryotes. However, our 255 analysis showed that these fusions appear to be independently derived in the two superkingdoms. 256
These diverse associations suggest that even in bacteria the calmodulin-like EF-hands function in the 257 context of membrane-associated signaling and redox reactions, possibly regulated in a Ca 2+ -flux-258 dependent manner (Zhou et al., 2006; Dominguez et al., 2015) . We infer that a version of these was 259 transferred to the stem eukaryote, probably from the cyanobacteria or the actinobacteria, and had 260 already triplicated by the LECA, giving rise to the ancestral versions of calmodulin and calcineurin 261 B, which function as part of the Ca 2+ -stores system, and the centrins, which were recruited for a 262 eukaryote-specific role in cell division is association with the centrosome (Dantas et al., 2012) . 263 264
Among components with indirect regulatory roles in the ER Ca 2+ -dependent system is the peptidyl-265 prolyl cis-trans isomerase (PPIase) calstabin (FKBP1A/B in humans), which is a member of the 266 FKBP family of PPIase chaperones. Phyletic pattern analysis indicates that calstabin was present in 267 the LECA (Figure 2A ). Eukaryotic PPIases are more similar to bacterial PPIases (Supplementary 268 Data); hence, the ancestral eukaryotic PPIase was likely acquired from the alphaproteobacterial 269 mitochondrial progenitor. This is also supported by the evidence from extant pathogenic/symbiotic 270 bacteria wherein the bacterial FKBP-like PPIases play a role in establishing associations with 271 eukaryotic hosts (Unal and Steinert, 2014) . In the stem eukaryotes, the ancestral PPIase acquired 272 from the bacterial source underwent a large radiation resulting in diverse PPIases that probably went 273
hand-in-hand with the eukaryotic expansion of low-complexity proteins with potential substrate 274 prolines. Thus, eukaryotes acquired a wide range of substrate proteins in several eukaryote-specific 275 pathways and function in several cellular compartments (Trandinh et al., 1992) . Calstabin is one of 276 the paralogs that arose as part of this radiation and appears to have been dedicated to the ER Ca 2+ -277 stores system. 278 279
Beyond the above-mentioned, several other components inferred to be part of the LECA complement 280 of the ER Ca 2+ -stores system are likely of bacterial origin. However, they do not have obvious 281 bacterial orthologs and might have diverged considerably from their bacterial precursors in the stem 282 eukaryote itself. These include the TRIC-like channels (Silverio and Saier, 2011), the CaMKs, and 283 the thioredoxin domains found in ERp57, ERdj5, and TMX1. 284 285
In contrast to the several components of bacterial provenance, the large eukaryotic assemblage of 286 calcineurin-like protein phosphatases, which includes the Ca 2+ -stores regulator calcineurin A, are 287 specifically related to an archaeal clade to the exclusion of all other members of the superfamily 288 ( Figure 3A , Supplementary Data). Notably, these close relatives are present in several 289
Asgardarchaea, suggesting the eukaryotes may have directly inherited the ancestral version of these 290 phosphoesterases from their archaeal progenitor (Zaremba-Niedzwiedzka et al., 2017). Strikingly, the 291 archaeal calcineurin-like phosphatases occur in a conserved operon ( Figure 3A ) with genes for two 292 others proteins, one combining a zinc ribbon fused to a phosphopeptide-recognition FHA domain and 293
the second with a vWA domain fused to a β -barrel-like domain. This supports a similar role for these 294 archaeal calcineurin-like phosphatases to their eukaryotic counterparts in transducing a signal 295 through dephosphorylation of a protein-substrate. 296 297 Evolution of ER Ca 2+ storage 8 Thus, the core, ancestrally-conserved components of the ER-dependent stores system predominantly 298 descend from the bacteria, although at least one component was inherited from the archaea. While the 299 roles for some of these domains in possible bacterial Ca 2+ -dependent systems are apparent, there is 300 no evidence that these versions function in a coordinated fashion in any single bacterial species or 301 clade. Further, it is also clear that there was likely more than one bacterial source for the proteins: 302 components such as SERCA and calstabin, whose closest relatives are proteobacterial, are likely to 303 have been acquired from the mitochondrial ancestor, whereas calmodulin is likely to have been 304 derived from a cyanobacterium or actinobacterium. Thus, the ER-dependent Ca 2+ -stores network was 305 assembled in the stem eukaryote from diverse components drawn from different prokaryotic lineages. 306
This assembly of the system in eukaryotes is strikingly illustrated by the case of the calcineurin 307 complex. Here, the protein phosphatase component has a clear-cut origin from the archaeal precursor 308 of the eukaryotes, whereas the Ca 2+ -binding calcineurin B component descends from a bacterial 309 source. It was the combination of these proteins with very distinct ancestries that allowed the 310 emergence of a Ca 2+ -signaling system. 311 312
Lineage-specific expansions and gene loss shape the Ca2+ response across eukaryotes 313
In order to obtain some insights regarding the major developments in the evolution of the eukaryotic 314
Ca 2+ -stores system, we systematically assembled protein complement vectors for each of the 315 organisms in the curated proteome dataset (see Methods). After computing the pairwise Canberra 316 distance between these vectors, we performed clustering using the Ward algorithm (see Methods). 317
The resulting clusters recapitulate aspects of eukaryote phylogeny, with animals, fungi, plants, 318 kinetoplastids and apicomplexans forming distinct monotypic clusters ( Figure 2B ). These 319
observations together indicate that most major eukaryotic lineages have likely evolved specific 320 component around the core Ca 2+ -stores system inherited from the LECA that distinguish them from 321 related lineages. We then used principal component and linear discriminant analysis (see Methods) 322 on these vectors to obtain a global quantitative view of the diversification of the Ca 2+ -stores system. 323
Plotting the first two principal components/discriminants reveals discernable spatial separation of the 324 metazoans from their nearest sister group, the fungi ( Figure 2D -E). Further, diverse photosynthetic 325 eukaryotes tended to be spatially colocalized. These observations suggest that certain accretions to 326 the core Ca 2+ -stores system probably occurred alongside unique functional developments such as 327 motility and multicellularity (metazoa) and autotrophy (photosynthetic lineages). Hence, 328
investigations on individual lineages are likely to unearth novel, lineage-specific regulatory devices, 329 which potentially reflect adaptations to their respective environments and provide hints about the 330 biological contexts in which they were found. 331 332
We further investigated these potential lineage-specific developments by defining a measure, the 333 polydomain score (see Methods), which captures the overall amplification of the Ca 2+ -stores system 334 of an organism in terms of the contribution of the different constituent protein families of the system 335 ( Figure 2F ). While PCA and LDA help identify the overall tendencies among organisms in terms of 336
the system under consideration, the polydomain score is better-suited for identifying specific unusual 337 features in terms of individual protein families/domains in particular organisms or clades. This score 338 allowed us to capture some of the key developments in the reconstructed Ca 2+ -stores system of 339 particular organisms and lineages. Notably, this led to the identification some of the distinctions 340
between Ca 2+ -regulatory systems that may reflect differential strategies for the incorporation of 341 calcium into exo/endo-skeletal structures in eukaryotes. 342 343
Comparison of polydomain scores within metazoa ( Figure 2G ) showed a striking reduction of the 344 Ca 2+ -stores system in arthropods as well as in some molluscs and other marine lineages, consistent 345 Trichomonas and diatoms), ORAI (in Emiliania, Figure 3D ), and SERCA (in certain fungi). The 369 metazoans also display LSEs for several protein families that appear to have specifically emerged in 370 metazoa (see below ciliates, these expansions might have accompanied the emergence of a distinct Ca 2+ -stores system 391 associated with the nuclear envelope (an extension of the ER), which is close in proximity to the 392 envelope of the coccolith and the site of biomineralization (Brownlee et al., 2015) . 393 394
Evolution of ER Ca 2+ storage 10 In contrast, we observed extensive gene losses of proteins including ERdj5, sarcalumenin, IP3R, and 395
ORAI across several or all fungi and losses of at least 10 conserved proteins in Entamoeba ( Figure  396 2A the evidence favors these organisms retaining at least a limited Ca 2+ -store-dependent signaling 399 network. The CREC (calumenin, reticulocalbin, and Cab45) family displays an unusual phyletic 400 pattern of particular note, being found only in metazoans and land plants (Figure 2A ). Barring the 401 unusual possibility of lateral transfer between these two lineages, this would imply extensive loss of 402 these proteins across most other major eukaryotic lineages. Within metazoa, several proteins display 403 unusual loss patterns, including sorcin, calsequestrin, and SelN (Figure 2A ). 404 405
Notably, the land plants and their sister group the green algae have entirely lost ancient core Ca 2+ -406 dependent signaling proteins such as calcineurin A and HOMER. The related Ca 2+ -stores components at the base of the metazoan lineage (Figure 2A ). Our analyses suggest 430 three distinct origins of these proteins: 1) several emerged as paralogs of domains already present in 431 the LECA and functioning in the context of Ca 2+ -signaling, including the EF-hand domains found in 432 the STIM1/2, calumenin, SelN, S100, sorcin, and NCS1 proteins, the thioredoxin domain found in 433 the ERp44 and calsequestrin proteins, and the RyR channel proteins. 2) Proteins or component 434 domains which are involved in a broader range of functions but have been recruited to roles in Ca 2+ -435 stores regulation specifically in the animal lineages, such as the SAM domain in the STIM1/2 436 proteins, the PDZ domain in the neurabin protein, and the TRPC channels. 3) Proteins containing 437
domains which appear to be either novel metazoan innovations, such as the KRAP domain of the 438
Tespa1 protein, or whose origins have yet to be traced, such as VGCC and wolframin. Further, the 439 origin of certain metazoan-specific proteins such as phospholamban, which inhibits the SERCA 440
ATPase, remain difficult to trace because of their small size and highly-biased composition as 441 membrane proteins. Inspection of the neighbors of these proteins in the constructed network suggests 442 Evolution of ER Ca 2+ storage 11 that in almost all instances, these proteins were added to the Ca 2+ signaling network via interactions 443 with one or more of the ancient components of the system ( Figure 1A ). 444 445
This sudden accretion of Ca 2+ -stores components likely coincided with emergence of well-studied 446 aspects of differentiated metazoan tissues, such as muscle contraction and neurotransmitter release 447 (Zucchi and Ronca-Testoni, 1997; Clapham, 2007) . Other additions to the network likely arose via 448
interface with other pathways like apoptosis and autophagy in the context of ER stress response 449 (Smaili et al., 2013) . Notable in this regard is the metazoan-specific Bcl2 family of membrane-450 associated proteins associated with regulation of apoptosis. They appear to have been derived via 451 rapid divergence in metazoans from pore-forming toxin domains of ultimately bacterial provenance 452
( the ORAI Ca 2+ channels are present in the early-branching kinetoplastid lineage but were lost in 458 several later-branching lineages (Figure 2A ), while other components like the ORAI-regulating 459 STIM1/2 proteins and the TRPC channels emerged around the metazoan accretion event, suggesting 460 the core SOCE pathway came together at or near the base of the animal lineage. In course of this 461 analysis, we identified a common origin for the ORAI and Jiraiya/TMEM221 ER channels, the latter 462 of which are characterized in BMP signaling (Aramaki et al., 2010). The Jiraiya channels are 463 observed in animals but are absent in earlier-branching eukaryotic lineages, suggesting they emerged 464 from a duplication of an ORAI channel early in metazoan evolution ( Figure 3D, Supplementary  465 Data). Jiraiya channel domains lack the Ca 2+ binding residues seen in ORAI channels, suggesting 466 they are unlikely to directly bind Ca 2+ . However, it is possible that Jiraiya/TMEM221 physically 467 associates with components of the Ca 2+ -stores system to regulate them. The wolframin SLR possess several conserved residues seen in the classical SLRs ( Figure 4C , 486 Supplementary Table S4 absolutely-conserved cysteines ( Figure 4E ). This region is not unifiable with any known domains and 515 could conceivably represent an extension to the core OB fold domain. These conserved cysteine 516 residues could contribute to disulfide-bond-mediated cross-linking, a well-studied regulatory 517 mechanism of Ca 2+ -stores regulation (Ushioda et al., 2016) . Additionally, C-terminal to the OB-fold, 518
wolframin has a hydrophobic helix that might be involved in intra-or inter-molecular interactions 519 ( Figure 4E ). 520 521
The wolframin TM region, located in the central region of the protein ( Figure 4A Figure S3 ) revealed a concentration of polar residues which are spatially 527 alignable in helices 4 and 5 (Supplementary Figure S4) . This is reminiscent of membrane associated 528 polar residue configurations seen in proteins that allow transmembrane flux of ions. Hence, it would 529
be of interest to investigate if these residues might play a role in ion transport by wolframin. 530 4
Discussion 531
Evolutionary and functional considerations 532

Early and later landmarks in the evolution of the ER Ca 2+ -stores system 533
The ER Ca 2+ -stores system displays several parallels in its evolutionary history to other 534 endomembrane-dependent systems such as the nuclear membrane and vesicular trafficking systems 535 The cyanobacterial/actinobacterial origin of calmodulin and the role for the closely-related and early-548
branching centrin family of EF-hand proteins in microtubule dynamics during cell division suggest 549 that the LECA already had a strong Ca 2+ dependency. This raises the possibility that the prokaryotic 550 ancestors of the eukaryotes might have existed in a calcium-rich environment such as the 551 biomineralized structures (e.g. stromatolites) formed by cyanobacteria (Bosak et al., 2013) . This is 552 consistent with the diversity of domain architectures for calmodulin-like proteins with ramifications 553
into various functional systems in the cyanobacteria that we reported here. This diversified pool of 554
Ca 2+ -binding domains could have contributed raw materials needed during the initial emergence of 555
Ca 2+ flux-based signaling and regulation across endomembranes in eukaryotes. The newly emerged 556
intracellular Ca 2+ gradients were likely fixed by the myriad advantages it bestowed in the stem 557 eukaryotes, including increased signaling capacity and a regulatory mechanism for processes like 558 growth/proliferation, secretion, and motility. 559 560 Figure 5 shows a summary of key acquisitions and losses of Ca 2+ -stores proteins during eukaryotic 561 evolution, placed onto a simplified model of eukaryotic evolution. In inferring ancestral states, and 562 thereby gains and losses, we followed the (relatively) certain contours of the eukaryotic tree (see also 563
Supplementary Figure S1 ). For example, we assumed that the root of eukaryotes lies in the excavates 564 and that the SAR (stramenopile/alveolate/rhizarian) group is monophyletic. In general, we strove to 565 make the least number of assumptions possible; therefore, many of our estimates -for example of the 566 number of Ca 2+ -stores proteins in the LECA -are lower bounds and conservative. By these criteria, 567
we infer that the ancestral eukaryotic ER-dependent Ca 2+ -stores system likely consisted of a 568 combination of the SERCA pump, a cation channel, EF-hand-containing proteins, and 569 phosphorylation enzymes ( Figure 5 ). Early in eukaryotic evolution, chaperone domains associated 570 with protein folding and thioredoxin fold domains were added to the system, likely recruited from 571 roles as general regulatory domains, some of which could also bind Ca 2+ (Figure 5 ). Association with 572 thioredoxin fold domains, involved in disulfide-bond isomerization, is of note as this points to early 573 emergence of a link between redox-dependent folding of cysteine-rich proteins and Ca 2+ 574 concentrations. The striking presence of cysteine-rich domains associated with cyanobacterial 575 calmodulin homologs ( Figure 3E ; DES, LMI, and LA unpublished observations) suggests that such a 576 connection might have emerged even before the origin of the eukaryotic Ca 2+ -stores system. These 577 functional links might have persisted until later in eukaryotic evolution as hinted by the cysteine-rich 578 domain present in wolframin. This led to the basic system as reconstructed in the LECA (Figure 2A ). 579 580
Waves of additional accretion events added components to the Ca 2+ -stores system at distinct points in 581 eukaryotic evolution, often appearing to correlate with adaptations to distinct lifestyles, such as the 582 evolution of motile multicellular forms, loss of motility (the crown plant lineage), or the evolution of 583 Evolution of ER Ca 2+ storage 14 calcium-rich biomineralized skeletons and shells (Figures 2A, 5, Supplementary Figure S1 ). 584
Strikingly, we appear to observe some correlation between the loss-and-gain patterns of the 585 regulatory components of Ca 2+ -stores systems and the degree of structural utilization of calcium. For 586 example, a relative dearth of these components is observed in the arthropod and fungal lineage, 587 which use chitin-based structural components as opposed to the calcium-based biomineralized 588 skeletons and shells of vertebrates and certain molluscs ( Figure 2F-G) . "Because the data in this 589 study necessarily relies on experimental findings primarily from animals, it is best suited to 590 characterizing the system from the viewpoint of metazoa. However, variations in presence/absence 591 across lineages and LSEs provide insight into the dynamic evolution of Ca 2+ stores regulation and 592
suggests there are further complexities to explore in more poorly-characterized eukaryotes/ membrane. These are likely to take the form of PPIs with Ca 2+ -binding proteins or through disulfide 601 bond interactions (see above). 602 603 However, outside of a possible bacterial origin for the SLR region (see above, Figure 4C ), the precise 604 evolutionary origins of the remaining domains comprising wolframin remain mostly unclear. It 605 appears likely these domains were derived from paralogs of existing EF-hand and OB fold domains, 606
both of which had already undergone extensive domain radiations in the eukaryotes prior to the 607 emergence of the animals, and then assembled and recruited to a Ca 2+ -stores regulatory role at the ER 608 (Lespinet et al., 2002) . Their rapid divergence, evident by the lack of recognizable relationships to 609 known families with their respective folds, could have resulted from the extraordinary selective 610
pressures occurring with the major burst of evolutionary changes during the emergence of the 611 metazoan lineage. 612 613
Despite observations that genic disruptions contribute to similar though not identical phenotypes 614 (Urano, 2016) , WFS1 and WFS2 are structurally unrelated. Our interaction network analysis further 615 failed to uncover any shared interactors ( Figure 1A particularly focused on its role in calcium stores regulation at the intersection of the ER and 619 mitochondrial membranes (Rouzier et al., 2017) . We believe that our identification of the constituent 620 domains of wolframin reported herein might help clarify its function better through target deletion 621 and mutagenesis of these domains. 622
Conclusions 623
Reconstruction of the evolution of the eukaryotic Ca 2+ -stores regulatory system points to a core of 624 domains inherited from distinct prokaryotic sources conserved across most eukaryotes. Lineage-625 specific differentiation of the system across eukaryotes is driven by complexities stemming from 626 both the loss and/or expansion of the core complement of domains by the addition of components via 627
LSEs or recruitment of domains of diverse provenance. We analyze in depth one such striking 628 example of the latter, namely wolframin, which has been previously implicated in human disease. 629
Evolution of ER Ca 2+ storage 15 The evolution of wolframin provides a model for how regulatory components of the Ca 2+ -stores 630 system emerged: through the combining of existing mediators of Ca 2+ signaling, like the EF-hand 631 domains, with other domains originally not found in the system. Such transitions often happened at 632 the base of lineages that subsequently underwent substantial diversification . We hope the findings  633  presented here open novel avenues for the ongoing research on the regulation of calcium stores  634  across eukaryotes, including providing new handles for understanding the functional mechanisms of  635 wolframin and its dysregulation in Wolfram syndrome. 636
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All datasets analyzed for this study are included in the manuscript and the supplementary files. 651 partner gene either has no other paralog or has been specifically identified (solid black), reported 655
interactions where the specific paralog for at least one of the two genes is unclear (dashed gray), and 656
interactions found in FunCoup 4.0 with P ≥ 0.9 (light pink). Medium-and large-sized nodes represent 657 the proteins whose phyletic distribution was selected for detailed analysis and are colored based on 658 phylogeny as follows: pan-eukaryotic, green; metazoans and close relatives, yellow; metazoan-659 specific, orange; chordate-specific, red. Nodes labeled by HUGO nomenclature to capture paralog- Evolution of ER Ca 2+ storage 16 represents the number of paralogs of one protein/family in one organism; the radius of each circle is 667 scaled by the hyperbolic arcsine of the represented number of paralogs. The proteins and protein 668 families shown can be broadly divided into two categories: those that are largely pan-eukaryotic 669 (calmodulin to ORAI) and those that originate in the metazoans or their close relatives (STIM to 670 S100). Eukaryotic clades are color-coded and labeled below the plot. Where needed, protein/protein 671 family names are supplemented in parenthesis with human gene names from Figure 1 Topology diagram of the wolframin OB-fold. The labeled secondary structure elements correspond 698 with the labeled secondary structure elements and coloring in the OB-fold alignment in part E. The β -699 strand shaded in gray is a possible sixth strand stacking with the core OB-fold domain barrel. (C-E) 700
Multiple sequence alignments of the (C) Sel1-like repeats, (D) EF-hand, (E) and cysteine-rich and 701
OB-fold domains of wolframin. Sequences are labeled to the left of the alignments by organism 702 abbreviation (see Supplementary Table S3 ) and NCBI GenBank accession number. Secondary 703 structure is provided above the alignments; green arrows represent strands and red cylinders represent 704
helices. The two EF motifs are marked with blue arrows above the secondary structure line. The 705
boundaries of the core OB-fold and the cysteine-rich region (E) are marked with pentagonal arrows 706 above the secondary structure line and pointing towards the center of the domain. The six secondary 707 structure elements that comprise the OB-fold are labeled with blue text in the secondary structure 708
line. Conserved cysteines are marked with an asterisk. A 90% consensus line is provided below the 709 alignments; the coloring and abbreviations used are: h (hydrophobic), l (aliphatic), and a (aromatic) 710 are shown on a yellow background; o (alcohol) is shown in salmon font; p (polar) is shown in blue 711 font; + (positively charged), -(negatively charged), and c (charged) are shown in pink font; s (small) 712 is shown in green font; u (tiny) is shown on a green background; b (big) is shaded gray. 713 Figure 5 . Summary of the evolution of the Ca 2+ stores system. The temporal timing of the emergence 714 of the core components of the system are overlaid on a consensus phylogenetic tree depicting 715 eukaryotic evolution. Colors indicate component provenance, as labeled in the key provided in upper-716 left corner. Components with identified losses or expansions within a particular lineage are listed to 717 the right, with '-' and '*' labels denoting loss and expansion of a particular component, respectively.
718
A detailed breakdown of losses/expansions within the labeled lineages are provided in Figure 2 and 719
Supplementary Figure S1 . 720
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